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ABSTRACT

METABOLIC SCALING IN COLONIAL ANIMALS: THE ROLE OF METABOLIC
ACTIVATION AND COLONY INTEGRATION

Maram Almegbel, MS
Department of Biological Sciences
Northern Illinois University, 2018
Neil W. Blackstone, Director

Metabolism, one of the canonical features of life, shows a clear correlation to organismal
size. Metabolic scaling is explaining the relationship between organism body mass and metabolic
rate. To explain the relationship between the metabolism and body size, several factors have to
be examined, including resource uptake, usage, and transportation of resources throughout the
body. Empirically, metabolism usually scales as approximately mass to the 3/4 power. Many
theories seek to explain this relationship in terms of surface area to volume. These theories
typically model unitary organisms as spheres, with surface area to volume increasing as roughly
volume to the 2/3 power.
In this context, the study of metabolic scaling in colonial or modular animals may
provide insight. These organisms differ significantly from unitary organism, e.g., in geometry
and hence surface -to- volume relationships. Modular organisms can be modeled as “sheet,” with
surface area increasing area roughly in proportion to volume. Nevertheless, the biology of
colonial organisms remains relatively poorly known. For instance, it is widely recognized that
metabolic state affects metabolic scaling in unitary organisms, but the effects of metabolic state
on scaling in modular organisms is untested.

In this context, the intraspecific metabolic scaling relationships were examined in two
colonial cnidarians, Hydractinia symbiolongicarpus and Sympodium species. The former is
heterotrophic and circulates gastrovascular fluid using muscular contractions, while the latter has
photosynthetic symbionts and circulates gastrovascular fluid using cilia. Nevertheless, both are
“sheet-like,” encrusting forms. Experimental colonies of each species were grown on 12 mm
diameter cover glass, and metabolism was measured by oxygen uptake in the dark (Hydractinia
20.5o C, Sympodium 27o C). Several size variables were measured using a protein assay and
image analysis (total protein, total area, feeding polyp area, number of feeding polyps, and
number of reproductive polyps). Principal components analysis of the log-transformed variance
covariance matrix in Hydractina suggests that the best size measure is based on total protein,
feeding polyp area, and number of feeding polyps. Using oxygen uptake regressed against this
size measure, the slope was not significantly different from 2/3 or 3/4 but was significantly less
than 1. Using the individual variables as size measures yielded various exponents, yet in every
case there was no difference between fed (active) and unfed (resting) colonies. The differences in
the intercept suggests that feeding activates metabolism by roughly 2.5 times, and a paired
comparison t test shows that this difference is highly significant.
In corals containing photosynthetic symbionts, light has been shown to activate
metabolism in the same manner as feeding activates a heterotroph. Nevertheless, with
Sympodium, colonies that were dark adapted exhibited similar oxygen uptake as colonies that
were light treated (140 μm) for 90 min. With regard to metabolic scaling in this species, several
size variables were measured using a protein assay and image analysis (total protein, total area,
polyp area, number of feeding polyps and weight). Principal components analysis of the logtransformed variance covariance matrix in Sympodium suggests that the best size measure is

based on total weight, followed by total polyps area and total area. Using oxygen uptake
regressed against this size measure, the slope was not significantly different from < 3/4 but was
significantly less than 1.
As colonial animals can provide more understanding of metabolic scaling, it will possibly
need more investigation for these colonial animals and the factors that might be affecting
metabolic scaling.
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CHAPTER ONE
INTRODUCTION
Metabolism refers to the broad network of chemical reactions that allow cells and
organisms to sustain themselves. Ultimately, these reactions require energy, so it is common for
metabolic studies to focus on the central process of respiration, which provides the energy in
most organisms. Early studies of metabolism detected regular relationships between respiration
rate and body size, usually measured as mass (Patterson, 1992b). These relationships were
captured by the development of the allometric equation (Glazier, 2005).
After decades of studies of comparative biology, the metabolic rate of living organisms
has been said to scale with the body mass in 3/4 power. That is to say, when the log of body
mass increases four times, the log metabolic rate on the other hand increases by a magnitude of
three-fold. These relationships are well established in biology, and they have attracted the
attention of the physical and biological scientists (Glazier, 2010).
The metabolic rate scales are defined as isometric when b equals one and allometric when
b does not equal one (where b is the exponent for the relationship between body mass and the
metabolic rate). Allometric metabolic scaling implies that bigger animals have a different
metabolic rate per unit mass as compared to smaller organisms. The metabolic rate of animals
gets measured as the rate at which an animal uses oxygen or produces carbon dioxide. When
oxygen is present, gas exchange is not a problem for small animals due to their high surface-tovolume ratio.
Metabolic scaling theory attempts to offer a unified theory for the importance of
metabolism in driving the pattern and process in biology (Agutter & Tuszynski, 2011). The
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metabolic scaling relationship is an extension of Kleiber’s law (Hulbert, 2014), that posits which
the metabolic rate of organisms is the basic biological rate that explains many of the observed
patterns in ecology (Figures 1 and 2).
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Figure1: Kleiber’s law, Y = YoMb (Y= a measure of metabolic rate, Y0 = normalization constant,
M= body mass or some other size measure and b = allometric scaling coefficient (the slope after
log-log transformation); here, Y = 4.836x0.6667.
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Figure 2: Kleiber’s law, Log Y = Log Yo + b log M (where b is the slope).
Here, LogY = 1.3046log(x) + 1.3753.

Kleiber suggested the use of mass 3/4 due to its easy calculation with a slide rule.
However, other scaling exponents have been found, for instance, the scaling of mammalian
metabolic rate during growth displaying multi-phasic allometric relationships with scaling
components more than 3/4 (Hulbert, 2014). In this case, the relative tissue size seems to be
crucial in the determination of metabolic rate (Hulbert, 2014).
The 3/4 exponent is found only in resting metabolic rate. Higher levels of metabolic
activity produce higher exponents. Many researchers accept the reality of allometric scaling but
contend with the basal metabolic rate being 0.75 (Farrell-Gray & Gotelli, 2005). The skeptics
claim that the true value is 0.66 or 0.67 since the principal determinant of metabolic scaling is a
surface-to-mass ratio. Nevertheless, the empirically measured value of scaling coefficient
approaches 0.75 in different animals (Agutter & Tuszynski, 2011).
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Many theories help to explain the dominance of 3/4 scaling across different sizes. For
instance, the WBE model (West, Brown, & Enquist, 1997) suggests that the entire animal
metabolic rate is limited by internal transport of resources, which by their view depends on a
volume -filling, hierarchical, fractal-like pathway. Another prominent theory is the dynamic
energy budget (Kooijman, 2000) model, which focuses on surface area to volume relationships,
particularly as related to food and oxygen. Similarly, the metabolic limitations boundary (MLB)
theory (Glazier, 2010) examines energy utilization and power generation for activity limited by
volume and scales isometrically with mass. The different theories predict a scaling exponent of
0.75, 0.67, or 0.86 depending on the assumptions applied for three-dimensional organisms.
There is an alternative view of metabolic scaling that proposes a range of scaling exponents
predicted using surface area and mass (Hulbert, 2014).
The power of metabolic allometry in ecology derives from the diversity of life exhibiting
a non-linear scaling pattern in which the metabolic rates are proportional to mass but just not 1 to
1 (Agutter & Wheatley, 2004). One theory postulates that the supply of energy is a significant
physiological constraint and another postulates that behavior regulates the demand for energy.

Metabolic Scaling in Group-Living Organisms
Living together and cooperating in survival, growth, and reproduction at the group level
has a crucial part to play in the metabolic scaling. For the most part, the measures that are
employed while assessing the benefits and costs of group living are group specific, although the
currency is not explicitly energetic. That makes it hard to determine patterns that are more
general and to develop and test the mechanistic hypotheses that deal with patterns that hold
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across the different species of an organism’s animals. If we explore the long-standing questions
regarding the ecology as well as the evolution of sociality and group living from a metabolic
perspective, it can provide new and useful insights (White et al., 2011).
Cooperation, group living as well as sociality does provide some of the most convincing
possibilities for extending the MTE (metabolic theory of ecology) into the realm of the behavior
of animals. Essentially, there are representatives of all taxonomic groups that live together in
groups, the amoeba and the largest are the vertebrates; there are also the temporary feeding,
breeding and those that form the migratory groups in the birds and mammal species to the longlived and complex societies of termites, ants, and primates (Hughes, 2005). The living together
in groups confers some advantage to the individual fitness according to Agutter and Tuszynski
(2011), but a number of hypotheses have been presented for both the advantages and costs of
group living. However, this research is aimed at illuminating the role that the organism
integration can play in the metabolic scaling of organisms.
The examination of the cooperation plus the mutualistic interactions and settlement
behaviors from a metabolic perspective can offer to understand nature, the costs as well as the
advantages, of those behaviors and their role in metabolic scaling. The application of the MTE
can have usage in formulating the hypotheses as well as the test predictions across different
species.
MTE may provide a valuable framework that can be used to assess the metabolic costs
and benefits of colonial living and thus offer more insights into the energy allocation plus the life
history trade-offs that are well known to accompany the evolution of different degrees of
sociality. For instance, in bees and ants, the lifespan of the queen is dependent on the breeding
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system. The queens that live in highly social species may live many years longer compared to
those living in solitary places (Glazier, 2010). Also, the queens that are found in organisms
where there is only one foundress live longer compared to the ones that live in organisms that
have multiple foundresses. Also, the animals that live in groups also live longer since their body
metabolism is well balanced with the interactions that they have in their settlements (Agutter &
Tuszynski, 2011). Within physical boundary limits, it is easy to predict the specific metabolic
scaling slopes from the metabolic level (also referred to as the scaling elevation) of a given
species or group of species. That is to say, the metabolic scaling scales with the level of
metabolism that is also contingent on a number of intrinsic and extrinsic conditions that operate
in the physiological or evolutionary time (Sebens, 1982). The metabolic scaling theory has
interrelated concepts and empirical observations that help to create links between different levels
of the organism in biology and ecology. The theory attempts to provide a unified theory to
understand metabolism as a driving pattern and process in biology from the cellular level to the
biosphere (White & Kearney, 2014).
The mechanistic theories have different assumptions concerning the flow and partitioning
of assimilated energy into and through an animal. The West, Brown, and Enquist (WBE) model,
for instance, makes the assumption that the entire animal metabolic rate gets limited by the
internal transport of resources through a volume -filling, hierarchical, fractal-like pathway. The
dynamic energy budget (DEB) model, on the other hand, is based on surface area to volume
relationships that determine the uptake and use of food and oxygen. White et al. (2011) recently
obtained a scaling with an exponent of 0.50 in studying metabolic scaling in an encrusting groupliving organism. The writers also demonstrated how that finding could be explained using a
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general model that has a basis in the dynamic energy budget theory. This general model,
otherwise referred to as the DEB model, predicts the metabolic scaling of exponents as a
function of the total whole-colony metabolic rates.
In other words, while there are many ways that theories of metabolic scaling can inform
studies of animal groups, here a particular kind of group will be the focus, that of colonial or
modular animals. These colonies represent a single physiological unit, but unlike unitary
animals, modular animals are subdivided into morphological units, or modules, that are multicellular, each able to acquire, process, and share resources. These organisms remain understudied
with regard to metabolic scaling.

Metabolic rate thus refers to the speed at which chemical reactions in general and
respiration in particular take place (Glazier, 2010). The relationship between metabolic rate and
body mass has been well studied in biology due to several factors. This relationship among
species is interpreted as a primary constraint by which ecological processes, from individuals to
ecosystems, are governed. The second aspect is that there is still considerable debate over the
exact value and mechanistic basis of exponent b (Glazier, 2005). The basic principle for wholeorganism metabolic allometry is that the volume, hence the body mass, of cells converting
energy increases faster than the total effective surface area across which energy and material
resources get exchanged with the external and internal environment as animals continue to grow.
For the metabolic rate, some might naively expect that the rate of a group that is the
summation of the metabolic rates of the members scales linearly depending on the number of
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individuals and thus with the total biomass. That can be so especially in the case of loosely
organized colonies or aggregations like herds of grazing animals or flocks of birds.
A more general metabolic rate perspective in research concerning the influence of
organism integration in the metabolic rate of organisms may allow for the synthesis of the
energy-based currencies of the metabolic ecology and the fitness-based currencies of a more
behavioral ecology (Agutter & Tuszynski, 2011).
Size can be easily manipulated in some colonial organisms. The body size is an
influential variable measured to understand the inter-specific variability in the metabolic
requirements. The main issue on the study of body size and metabolism has always been how
metabolic rate changes with the size of the organism. The changes could have a basis on a broad
category of measures that include length, surface area, and mass. The change in the size of an
organism is the change in scale.
This research highlights the utility of leveraging a macro-scale and energetically based
strategy for inquiring how the variations in individual-level behavioral and physiological traits
impact groups of animals and how the individual-level behavior and physiology are influenced
by group living, social organization, and cooperation. Even in the loosely aggregated groups, the
individual members may derive their metabolic savings from some forms of the colony behavior.
For instance, the characteristic flocks of geese and other mammals are adaptive behaviors that do
cut down the cost of flight or movement for the individual bird or animals (Farrell-Gray &
Gotelli, 2005). In the same way, according to Finkel, Irwin, and Schofield (2004), the increase in
group size is responsible for the reduction of individual metabolic rates for the African hunting
dogs.
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Hou et al. (2010) say that the rates of settlement growth and reproduction parallel that of
the solitary animals when the settlement mass is defined as the total mass of all the members. In
the same way, Brown et al. (2004) conducted a study to measure the metabolic rates of
settlements as well as solitary individuals of the modular animals in controlled conditions. They
discovered that the metabolic rate of the whole settlement scales with the mass and the exponent
of scaling, are 0.75, which is significantly lower compared to the linear scaling that can be
predicted from the collective metabolic rates of the same number of animals living in solitary.
That was partly explained by the reduction of average movement speeds and thus the metabolic
rates of the members with increasing organism size.

Metabolic Activation
The measurement of aerobic respirations is very common in the analysis of metabolism.
However, not all measurements can be considered to be directly comparable since the activity
status of an organism affects respiration. The activity tends to affect respiration in the aspect of
aerobic scope, that is the difference between the maximum metabolism and basal metabolism as
it happens during greatest activity. In the unitary animals, it is usually accepted that the
exponents <1 characterize the resting metabolic rates, where the exponent approach is one under
the maximal metabolic demand (Glazier 2010). This suggests that the allometric scaling of the
resting metabolic rate with b < 1 tends to present an opportunity for the energy saving in big
animals without affecting peak performance. Several studies have assessed the effect of the
metabolic state through comparing the scaling relationship of the inactive versus active insects,
birds, and mammals. It tends to be easy to diagnose active vs. resting states since the active
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individuals usually run or fly. It is also challenging to assess the activity level for most modular
animals. In the case of most modular animals, they do not have visual cues to their activity
status, and it is possible that the modules may be uncoordinated in their active state, which tends
to complicate the assessment of the metabolic rate on the gradient from the basal to the
maximum metabolic rate. Most analyses of interspecific metabolic scaling tend to consider
resting or basal metabolism, but the type of metabolism in the case of resting or action is
normally overlooked in the studies focusing on modular animals. The fluctuations in the
metabolic state and also the aerobic scope are essential drivers of variation in b in both species.
There is great value in identifying the repeatable criteria for defining resting in the modular
animals (Burgess, et al., 2017).
Metabolic Scaling and Modular Animals
In modular animals, the expectations and consequences for metabolic isometry are
precise in cases where colonies are “flat,” i.e., their shape approximates a disk with the radius
much larger than the height and thus surface increases in direct proportion to size or volume.
Nevertheless, researchers are still debating on specific value of b (Dodds et al., 2001; White &
Seymour, 2005; Agutter & Wheatley, 2004; Brown et al., 2005; Glazier, 2005, 2014).
However, there are many reasons to expect varying scaling exponents that deviate from
isometry. Various scaling exponents have emerged for modular animals, together with a more
detailed explanation of the biology of modular organisms. The representation of modular growth
has always been the perpetual addition of identical units. However, when modules within
colonies vary in size and shape, modules still vary as a result of differences in age, ontogeny,
reproductive state, nutritional state, and position. The degree of increase of respiration of an
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entire colony together with the number of modules added will, hence, be dependent on the
particular arrangement, integration, and functional responsibility of individual modules
influencing the uptake and utilization of energy. The differences among genotypes, growth
forms, and species in the aspect of variation that takes place among modules and during the
lifetime of an individual are likely a great source of information concerning the limitation or
enhancing of variation surface area -to- volume ratio of the transport system in metabolic
scaling. This variability is sometimes biologically critical rather than just noise and offers a great
chance to understand the causes and impacts of metabolic scaling. The interest of metabolic
scaling in modular animals also can be attributed to the aspects of these organisms that allow
differentiation among theories, since it is possible to artificially manipulate body mass, size and
shape. The predictions of b for competing for mechanistic theories are similar, and it is necessary
to use manipulative experiments of size and oxygen metabolism to determine the cause and
consequence relationships between body mass and metabolic rate (White & Kearney, 2014).
The form of an organism has a close linkage to its function, and the relationship is
important in the organisms whose individual form is highly flexible. The modular organisms
consist of repeated building blocks that may be reflected in the ability of a colony to reallocate
priority of resource transport among its units.
Modules are not typically codependent as tissue and organs are in unitary organisms;
however, the more the modules become physiologically dependent on each other, the more the
relationship scales allometrically similar to unitary organisms. Resource transport systems are a
significant element of colonial integration that is critical in understanding variation in metabolic
scaling. Various benefits emerge from the internal metabolic integration and include the sharing
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of resources throughout the organism, enhance an expectation for integration to take place in
modular animals under several conditions despite the costs. The evolution of transport systems is
a central component in the evolution of multicellularity in animals (Parrin et al., 2010).
The extent to which parts of an organism are physically or physiologically integrated
influences the pattern of metabolic scaling. When modules are physiologically similar and
independent, the entire colony’s metabolic rate is expected to be the product of the metabolic rate
per module and the total number of modules and hence scale isometrically.
A study on modular animals is a useful model in distinguishing different competing
theories involving metabolic scaling models. The reason is that the size and shape of an
individual organism may be experimentally manipulated. A study of a body plan is beyond any
unit design that increases the understanding of various causes of metabolic scaling. This is the
extent in which various theories apply to different organisms (Burgess et al., 2017). The scaling
relationship provides different predictable consequences that occur at the different biological
organization.
The summary of collected data and information based on metabolic scaling involve
aquatic benthic modular animal species and benthic unitary animal species. The analysis shows
that metabolic scaling relationships may be considered within and among various species
(Burgess et al., 2017).
However, the study has focused on intra-specific scaling relationships among different
sizes that compare them with different species. The analysis starts by providing an overview of
metabolic scaling whereby it is focusing on modular animals. The study summarizes collected
data and information through comparing different estimates on metabolic scaling. The attributes
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involved in comparison include benthic modular aquatic species as well as benthic unitary
aquatic species. The research study discusses reasons why metabolic scaling may vary among
modular animals. The data and information provide suggestions in which modular taxa may be
exploited using various experimental designs that assess the causes of metabolic scaling (Burgess
et al., 2017).
The study has recognized that modularity is defined by various hierarchies of biological
levels such as organelles within cells, an organism’s tissue, and organs within multicellular
individuals. The entire system focuses on the situation where a colonial invertebrate has various
modules that are repeated in a morphological unit based on functional multi-cellular as well as
physical and physiological interconnection within structural individuals (Burgess et al., 2017).

The body mass and metabolic rate in biological principles and other studies show that b is
of usually less than < 1 in organisms such as unicellular microbes and multicellular plants as well
as animals (Burgess et al., 2017). The consistency of relationships that exist among species is
interpreted as evidence of various fundamental constraints in which most ecological processes in
different functions scale while extending from individuals to ecosystems.
For the study, the measures of metabolic scaling integrate different functions performed
by animals. Allometric metabolic scaling is a situation where a larger organism reveals a sense of
having a different metabolic rate per unit mass when compared with smaller organisms.
Metabolic scaling is responsible for providing support to a total of biological processes at
different levels such as individual, population, community, and ecosystems (Burgess et al.,

14
2017). Major studies involving metabolic scaling focus on unitary animals. In rare occasions,
researchers perform metabolic scaling on unicellular organisms such as algae and plants.
Some organisms are expected to deviate from negative allometry because their structures
exhibit modular iteration. Their shape can be modeled as a cylinder with r >> h, thus isometric
scaling where the scaling exponent is 1 of the organism’s metabolic rate and mass is predicted as
an emergent property of modularity. Then the metabolic rate is a linear function of the number of
component modules. For colonial organisms, the metabolic turnover rates like growth and
reproduction converge towards isometric scaling (Hartikainen et al., 2014).
Colonies can live in different states comprised of loose, highly integrated, or a transition
to a fully integrated individual. Highly integrated colonies have a high likelihood of exhibiting
standard metabolic scaling (with exponent = 3/4), is as the case in the fully integrated individuals
when measured at resting metabolic rate (Sibly et al., 2012).
In principle, such colonial animals like the bryozoans, ascidians, and cnidarians are
expected to diverge from the metabolic allometry since their structure contains the iteration of
modules according to Hughes (2005). That is because even though the metabolic rate of an
individual module may scale allometrically, based on its size, when all the modules in a given
animal colony are almost of the same size, the metabolic rate of a colony is a linear function of
the size of the colony or the number of the modules (Sebens, 1982). Colonial animals can thus
increase the total mass far beyond the limitations that operate on their individual modules
(Jackson & Coates, 1986).
For colonial animals, their metabolic allometry has been hypothesized to be different
from unitary animals. For instance, unitary organisms can be modeled as a sphere with volume
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increasing more rapidly than surface area. Colonial organisms can be modeled as a cylinder with
r >> h (r = radius, h = height). Consequently, in the latter, surface area increases in proportion to
volume. Thus, they might exhibit isometric scaling of metabolism. The animals can increase
their total biomass beyond the environmental constraints operating on their modules.
Colonial animals demonstrate a wide variation in size and shape, and they offer excellent
model systems that can be useful in testing the predictions of models describing the scaling of
metabolic rate based on the animal size. The colonial animals are animals that follow clonal
growth to have diverse shapes and sizes (Barneche et al. 2017).
Little research has been done on metabolic scaling involving colonial animals having a
modular construction which are important components of the living among aquatic
environments. Differences found among modular animals are that a given organism is
subdivided into semi-autonomous modules characterized by physical and physiological
interconnection at varying degrees in each colony. Current literature that explains metabolism
scaling process regarding body size is associated with resource intake, usage, and transportation
throughout the body (Burgess et al., 2017). During metabolism scaling process, an individual
organism is capable of gathering food resources from different body surfaces. The aspect
influences the process in which energy and other material resources get transported as well as are
used within the colony. The relationships of a metabolic scaling in modular animals have
different relationships with metabolic calling in unitary organisms.
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Current Research
The existing phylogenetic framework should guide the choice of species, as it helps to
reduce the general concerns relating to animal transport systems. Figure 3 shows a schema of the
phylogenetic relationships of cnidarians, illustrating the affinities of the two study species.

Figure 3. Schemata of the phylogenetic relationships of cnidarians, showing the afﬁnities of the
two study species. Anthozoans and medusozoans are sister taxa; within the anthozoans,
octocorals and hexacorals are also sister taxa (for an alternative perspective, see Kayal et al.,
2013). Relationships among octocorals are increasingly well characterized (McFadden & van
Ofwegen 2012). Sympodium sp. belong to the Holaxonia-Alcyoniina clade of alcyonacean
octocorals (McFadden et al. 2006). Sympodium sp. groups with other xeniids (Alderslade &
McFadden 2007, 2011). Within the hydrozoans, Hydractinia symbiolongicarpus are members of
the clade designated Filifera III (Cartwright et al. 2008; Cartwright & Nawrocki 2010).

In this study, two species with different phylogenetic affinities and which differ in several
important traits were used. Hydractinia symbiolongicarpus is an “integrated” colony, consuming
prey with large centrally located polyps and using muscular contractions to pump food-rich
gastrovascular fluid throughout the colony periphery. Sympodium sp. is a “distributed” colony,
using cilia to propel its gastrovascular fluid and obtaining food from symbiotic dinoflagellates.
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Nevertheless, these species have similar geometries. Both are disk shaped and sheet like. With
these taxa, the current research focused on two goals. First, the effects of metabolic activation on
scaling was examined. In the heterotrophic colonies of Hydractinia symbiolongicarpus, feeding
was used to activate metabolism (Burgess et al., 2017). In colonies of Sympodium sp., which are
more or less autotrophic, light was used to activate metabolism (Edmunds & Davis, 1988).
Second, the scaling of metabolism with size was examined. Given the geometry of colonies of
both species, if surface-to-volume relationships are the dominant causes of scaling, the
expectation is that these relationships should be isometric because surface scales in proportion to
volume.

CHAPTER TWO
MATERIALS AND METHODS

Laboratory Study Species and Culture Conditions
In this research, we employed two study species (Hydractinia symbiolongicarpus and
Sympodium species). Hydractinia symbiolongicarpus are a stolonal mat in the initial stages of
development and produce varying amounts of peripheral stolons. They consist of a network of
gastrovascular canals in a plate of tissue called the stolonal mat. They are heterotrophic and large
polyps in the center of the colony feed and then, using myo-epithelial contractions, pump
gastrovascular fluid to the growing peripheral zone of the colony. The Hydractinia were cultured
at 20.5° C, dKH 9, pH 8.2, specific gravity 1.021.
Studies of hydractiniid hydroids have indicated that hydroids are stereotypical and even
with the same family and same species (after Harmata et al., 2013). The Hydractinia
symbiolongicarpus species is a temperate saltwater animal that feeds on smaller invertebrates
found in the shallow mud. The Hydractinia symbiolongicarpus species belongs to a family of
Hydractiniidae, a class of Hydrozoa, phylum of Cnidaria, and the kingdom of Metazoa. The
species are either male or female, and sexes are genetically determined. In shallow waters,
colonies of Hydractinia symbiolongicarpus release gametes on a light cue, in which sunlight
triggers the rupturing of the gonadal walls in males and females, resulting in the release of
gametes.
The Sympodium species can be either blue or green and grow in reefs and shallow
lagoons of the tropical ocean. They get most of their nutrients through symbiotic dinoflagellates
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(Symbiodinium sp.) contained within the coral. They can also do well when they receive nutrients
from phyto-plankton filtered from the water currents, but in the laboratory, they are not directly
fed. Their gastrovascular fluid is driven by ciliary action. The Sympodium species is cultured at
27° C, dKH 9, pH 8.2, specific gravity 1.026. In terms of metabolic activation, Sympodium sp. is
expected to be activated by light, since this stimulates symbiont photosynthesis and substrate
release.
The Sympodium sp. were grown and studied in the lab. They are octocorals that belong to
the Holaxonia-Alcyoniina clade of octocorals. Sympodium sp. belong to the family Xeniidae
(McFadden 2006).
All the experiments were carried out using a single clone of each of the Hydractinia
symbiolongicarpus and Sympodium species. The pictures below show two study species,
Hydractinia symbiolongicarpus and Sympodium species (see Figure 4 and 5).

Figure 4. Hydractinia symbiolongicarpus species growing on round cover glass.
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Figure 5. Sympodium species growing on terra cotta.

The experimental colonies were explanted from the same mother colony for each of the
experiments. The colonies were explanted as two-polyp fragments and were grown to larger and
smaller sizes on 12 mm diameter cover glass. Some colonies grew as a small part of the edge of
the cover glass for the smaller sizes.
Explants were held in place using nylon threads fastened to the cover slip by aquarium
glue. After the explants were attached to the cover slips, they began to grow into small colonies,
and the threads and glue were removed. The cover slips were cleaned by use of a paintbrush
twice weekly on the non-feeding days. Additionally, colony growth was restricted to one side of
the cover slip by scraping the stolons from the reverse side with a razor blade (Harmata
& Blackstone, 2011). In H. symbiolongicarpus, once the colony began growing, the original
explants was removed. In Sympodium sp., the original explants tended to die and disappear,
perhaps because of constriction from the nylon thread, and subsequently the new colony would
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grow around the remnants of the original explant. In both cases, experimental material consisted
entirely of newly grown colonies.
The water was changed on a weekly basis, and the colonies of H. symbiolongicarpus
were fed to repletion three times a week with 3-day-old brine shrimp. Hydractinia
symbiolongicarpus feed on smaller invertebrates found in the shallow mud, but in laboratory
environments, they feed on brine shrimp.
General protocols for Hydractinia symbiolongicarpus colonies began on day 1 when
unfed colonies were measured for oxygen uptake. Then on day 2, the same colonies were fed and
remeasured for oxygen uptake after being carefully cleaned of any excess brine shrimp. In the
afternoon of day 2, colonies were imaged. Colonies were then starved for two days, and on day 5
assayed for total protein. The colonies of H. symbiolongicarpus were too small to obtain accurate
weights.
For Hydractinia symbiolongicarpus, three colonies were used to measure the oxygen
metabolism every week. We measured the oxygen uptake for 30 min every 3 min. For each
colony, the slope of oxygen concentration versus time was calculated for the colony in the dark,
and for the same colonies in the dark, the next day (after the colonies were fed) for 30 min every
3 min. The slopes were calculated, and for the entire sample (n = 27) a paired comparison t test
was performed. The slope in the dark for the unfed experiment was compared to the slope in the
dark for the fed experiment.
General protocols for Sympodium sp. also involved two experiments. Colonies were
always measured in the dark whether these were dark or light treated. As with H.
symbiolongicarpus, the first tested for metabolic activation, except light was used rather than
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feeding. Four similar experiments were carried out. In experiment 1, colonies were kept in the
standard culture tanks. We measured two replicates in the morning in the first day. These
colonies were kept in the dark until measured. The next day, at the end of the day, colonies were
in light for the whole day and then measured again. Experiment 2 began similarly. On the second
day, we put them in a incubator for 90 min at 50 um before measuring oxygen uptake again.
Experiment 3 began similarly. On the second day, we put them in the incubator 140 um for an
hour and half. Experiment 4 was similar to Experiment 3 except the conditions were reversed to
detect whether measurement itself had an effect.
The second set of experiments with colonies of Sympodium sp. measured metabolic
scaling. On day 1, in the evening colonies were imaged and weighed while attached to the cover
glass. On day 2, oxygen uptake was measured, and total protein was assayed as described below.
The cover glass without the colony was then weighed and colony weight calculated. Images were
processed as described below.
We expected metabolic activation in both species, triggered by feeding in Hydractinia
sp., light in Sympodium sp. For example, feeding has been shown to be an important activator of
metabolism in various unitary organisms (Glazier, 2005, 2008, 2009; White & Seymour, 2005;
White et al., 2006, 2007), while light affects metabolic rates of the corals (Edmunds & Davies,
1988; Lesser et al., 2013; Shantz et al., 2016).

General Imaging and Image Analysis Protocols
For the experiments to be conducted, the images were acquired and analyzed using
Image-Pro Plus software.Whole-colony images were acquired with a Hamamatsu Ocra-100
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cooled CCD camera attached to a macro lens. The colonies were imaged in seawater in petri
dishes.
Calibration was done before any image analysis, and a new calibration was created for
every image to be analyzed. The image to be analyzed was opened, the ‘Measure’ tab was
clicked, and then the Spatial calibration wizard’ under ‘Calibration” was selected. Next, the
option for ‘Calibrate the active image’ was selected before hitting ‘Next.’ and the calibration was
named to make it easier to identify. The spatial reference units were set in millimeters, and then
the box for creating a reference calibration was checked before clicking next. For the option
‘Draw Reference line,’ the number ‘12’ was entered in the box of ‘Reference represents how
many units.’ For images with different sizes of cover slips, the diameter of the cover slip was
entered instead of 12. The zooming option was used to ensure that the ‘I’- shaped line was on the
outer edge. The last step after placement of the line was clicking ‘OK,’ then ‘Next,’ and finally
‘Finish.’
Checking calibrations required clicking on ‘Measure,' go to ‘Calibration,’ and then
‘Select Spatial’. The next step was to select the calibration and click on the ‘Measure’ tab and
select ‘Measurements’. In the ‘Features’ section, the line tool was clicked. A line was drawn
across the diameter, and this step was repeated three times for different start points. The
measurement values needed to be within 1% of the diameter, which gave the go ahead for image
analysis.
Counting reproductive polyps required clicking on the ‘Measure’ tab and selecting the
‘Manual Tag…’ tool. Then the process required pointing to ‘File’ and selecting ‘Export Options’
and then entering ‘1’ for Row and ‘1’ for Col. and hitting ‘OK’. Tagging the polyps required
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clicking on ‘Tag Points’ to start and left clicking on each reproductive polyp. After tagging,
saving the file required pointing to ‘File’ and then ‘Export Data’ and opening the Excel sheet to
save the file as ‘Repro. Polyps’
The area of the feeding polyps gave a count of the feeding polyps without using the
manual tag method. The first step was to click on the ‘Measure’ tab and select ‘Count/Size.’
Next was to select ‘File’, then ‘Export Options’, enter ‘5’ for Row and ‘1’ for Col., and then hit
‘OK’, to point to ‘Edit’, and select ‘Draw/Merge Objects’, and zoom to 800% or 1600% on a
feeding polyp. Clicking on the starting point and double clicking the left button provided an
accurate outline of the polyp. The right button of the mouse was clicked to set the lines, and an
outline of all the feeding polyps in the colony image was done before hitting the OK button in
the ‘Draw/Merge Objects’ window. Later the data were exported to the current open Excel sheet.
To proceed with measurement of the area of the colony, it was necessary to close out of
the image and reopen it. To do so, click on the ‘Measure’ tab and select ‘Count/Size’ and then
point to ‘File' and ‘Export Options,' Enter ‘1’ for Row and ‘7’ for Col., and then hit ‘OK,' and
then point to ‘Edit’ and select ‘Draw/Merge Objects’ and zoom to 800% or 1600% and draw the
lines and outline colony using the earlier procedure. Hit the ‘OK’ button in the ‘Draw/Merge
Objects’ window. Lastly go to ‘File’ and click ‘Export Data’.

Measures of Oxygen Uptake Rate
The rate of oxygen uptake was assayed in colonies using a Strathkelvin Instruments
oxygen meter. The oxygen uptake measurement was taken in the dark in 3 -minute spans for
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over 30 minutes. Slopes of linear regression versus time were used to calculate the metabolic
rate.
A Strathkelvin 1302 electrode and a 781 oxygen meter in a glass chamber were used to
measure the dissolved oxygen. A Neslab RTE-100D recirculating chiller operating at 20.5º C for
H. symbiolongicarpus and 27 º C for Sympodium sp. maintained a constant temperature. The
colonies were grown on 12 mm diameter round cover glasses to fit in the 13mm diameter glass
chamber. A magnet was attached to the back of another 12 mm cover glass for stirring, having a
drop of silicone grease on the cover glass on which the colony resided. The oxygen uptake
readings were recorded for 30 minutes in total in the dark in 1 mL seawater.
Membranes are replaced on a regular basis. The electrode was taken out of its chamber
and the jacket removed; it was then rinsed with RO water and placed on the counter. The jacket
was also rinsed with RO water and the O-ring holding the membrane and the old membrane were
removed using stout forceps. A new membrane was placed at the end of the jacket, and a band
was slipped over to hold it tight. The electrode solution was then stored under refrigeration and
thawed overnight. The electrolyte required mixing using a stir bar. After mixing and warming,
the solution was added to the electrode. The jacket was filled for the solution to be lower than the
upper limit, and the electrode was screwed back into the chamber and shut.
The measurement apparatus was set up in the double Faraday cages. Seawater was then
filtered from the source tank to 0.2 μm and stirred for 20 minutes to saturate. (The chiller should
have water before being turned on and set to the desired temperature, at 20.5º C for H.
symbiolongicarpus and 27 º C for Sympodium sp.) In preparation for the measurements, the
seawater needed to be saturated with oxygen using a stir bar and allowed to sit and saturate. A
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pipette was used to add 0.7 mL to the chamber after the water became saturated. Forceps were
then used to place the colony and stir bar to the right side up the chamber. The electrode was
placed in the chamber, and all the air was removed. For data recording, 3 -minute increments
were used.
The electrode was removed and placed in the beaker with sterilized RO water and the
colony was removed from the chamber using forceps. A pipette was used to remove the water,
and the same procedure was repeated for colonies.

Protein Assay
The size of small experimental colonies can be measured by total protein (Agutter &
Wheatley, 2004). The relationship between total protein and mass can be determined for larger
colonies and extrapolated to small sizes. Bradford protein assay is an analytical procedure used
to measure the concentration of protein in a solution. The assay relies on the observation that the
absorbance maximum for an acidic solution of Coomassie Brilliant Blue G-250 changes from
465 nm to 595 nm when protein binding occurs. The hydrophobic and ionic interactions cause
stabilization of the anionic dye, shown by a visible color change (Ku et al., 2013). Total protein
compares absorbance of the sample to a standard to determine total protein and hence size.

An improved Coomassie dye-based protein assay is based on the Bradford protein assay.
The assay is appropriate for the simple and fast estimation of the protein concentration. The
assay has a basis on a single Coomassie dye-based reagent. The binding of the protein to the dye
results in a change in color from brown to blue. The change in the color is proportional to the
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protein concentration, and the protein estimation is performed using little protein. The
Coomassie Bradford (CB) protein assay uses a simple protocol and ready-to-use reagents that do
not require pre-filtering or dilution. The procedure involves simple mixing of the protein solution
with CB protein dye and reading the optical density. The protein dye complexes attain a stable
end point within 5 minutes, and the CB protein assay method is compatible with the reducing
agents and various laboratory agents. The assay has a traditional bovine serum albumin (BSA)
protein standard or non-animal protein standard. DMSO (dimethyl sulfoxide) at a concentration
of 10 % is compatible with the CB protein assay and, hence, is appropriate for the protein assay
experiment involving the colonial animals. The method is highly sensitive, has a flexible
protocol, is ready to use the assay reagents without any preparation, and has a long shelf life of
up to 12 months of stability.
To set the standard curve of protein assay, we assembled nine glass test tubes of size
3X100mm and carried out the outlined steps. Protein standards were prepared in eight tubes
using double distilled water (400, 325, 325, 325, 175, 325, 125, 400ul), and double distilled
water was added to them consecutively (tubes: 2, 3, 4, 5, 6, 7, 8, 9); 175ul double distilled water
was taken from tube 2 and added to tube 4, and same was done with 325ul from tube 3 to tube 5,
325 ul from tube 5 to tube 7, and 100ul from tube 7 to tube 8. Each tube was duplicated through
adding two rows of empty tubes for each original tube (tubes: 2, 3, 4, 5, 6, 7, 8, and 9). We took
30 ml from each tube (2 to 8) and added to two empty ones that were behind it. The tip of the
pipette was changed for each. Second, 1.5 ml Coomassie reagent was added to tubes 2 to 9 and
the DD water, which were then mixed by vortex. For tube 1, the contents of one albumin
standard was diluted into two clean tubes; taking 30 ml Albumin and adding to each tube + 1.5
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ml Coomassie reagent and mixing using vortex mixture. An empty tube was filled with double
distilled water to wash the plastic stir rod. Third, the samples were diluted by adding 100 ml DD
water for each and stirring (three samples each week). Forth, we took 30 ml of each sample and
added 1.5 ml Coomassie reagent to each tube of sample and mixed using vortex mixture.
Waiting for 10 min was required before measuring with the spectrophotometer machine. Using
the log-log form of the standard curve, the absorbance of the sample is converted to total protein.

Statistical Analysis
Finally, the obtained data were compiled in a spreadsheet form for analysis. Statistical
Analysis Software program 9.4 software was used to analyze the data for both species. Several
size variables were measured using a protein assay and image analysis (total protein, total area,
feeding polyp area, number of feeding polyps, and number of reproductive polyps, weight).
Oxygen uptake is calculated as the slope of the regression of oxygen concentration in mg/L
versus time in minutes. Number of reproductive polyps was not measured for Sympodium sp. and
weight was not measured for H. symbiolongicarpus.
For Hydractinia symbiolongicarpus species, slopes of oxygen uptake from fed and unfed
colonies were compared using paired comparison t tests and regression of their absolute values.
Size was calculated for Hydractinia symbiolongicarpus colonies using principal components
analysis. The analysis of scaling used the predictors (feeding polyps, total area, protein, feeding
and reproductive polyps) individually and as principal component 1 to predict the outcome
(slope of regression of oxygen uptake). Principal components analysis of the variance covariance
matrix of the log-transformed variables in Hydractina was used to figure out the best size
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measure from total area, total protein, feeding polyp area, and number of feeding polyps. Using
oxygen uptake regressed against the various size measures allowed calculation of a slope and
intercept with confidence intervals. The slope ± the standard error gives us an idea of scaling of
metabolism on size. Using the individual variables as size measures yielded various exponents to
examine in every case if there was a difference between fed (active) and unfed (resting) colonies.
Metabolic activation for colonies of Sympodium sp. was analyzed using pairedcomparison t tests. Size was calculated for Sympodium sp. The analysis of scaling used
predictors (total protein, weight, total area, total polyp area, and polyp number) individually and
as principal component 1 to predict the outcome. Several size variables were measured using a
protein assay and image analysis (total protein, weight, total area, total polyp area, and polyp
number). Principal components analysis of the log-transformed variance covariance matrix in
Sympodium sp. was used to figure out the best size measure from total protein, weight, total area,
total polyp area, and polyp number. Oxygen uptake against this size measure was used to
discover if the slope was not significantly different from 2/3 or 3/4 and if it was significantly less
than 1 or not. The slope ± the standard error gives us an idea of scaling of metabolism on size.

CHAPTER THREE
RESULTS

Oxygen Uptake for Hydractinia symbiolongicarpus
Metabolism was measured by oxygen uptake in the dark for Hydractinia
symbiolongicarpus at 20.5o C. Oxygen uptake was measured every 3 min for a 30-min period.
The metabolic rate measured by oxygen uptake versus time for a representative colony, Colony 2
of H. symbiolongicarpus, is shown in Figures 6 and 7.

Figure 6: Oxygen uptake concentration versus time (r2 = 0.98, slope = - 0.12298) for a
representative fed colony of H. symbiolongicarpus.
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Figure 7: Oxygen uptake concentration versus time (r2 = 0.99, slope = - 0.05970) for a
representative unfed colony of H. symbiolongicarpus, the same colony as in Figure 8.

The Best Model for Converting Absorbance to Total Protein

Figures 8 - 10 exemplify simple models for converting the independent variable
(absorbance) into the dependent variable (total protein). Ideally, the best model exhibits not only
a high correlation but also no trend in the residuals. While there is no perfect model, the log-log
transformation of the standard curve was considered sufficiently close.

Figure 8: Translating measured absorbance (x axis) into total protein (y axis) for H.
symbiolongicarpus using linear values.
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Figure 9: Translating measured absorbance (x axis) into total protein (y axis) for H.
symbiolongicarpus using log-linear values.

Figure 10: Translating measured absorbance (x axis) into total protein (y axis) for H.
symbiolongicarpus using log-log values.

Metabolic Activation
The same individual colonies were measured in fed and unfed states. The metabolic rate,
as measured by oxygen uptake, for H. symbiolongicarpus using the paired comparison t test shows
a highly significant difference for oxygen uptake of fed state compared to the unfed state, (Table
1). The variability in metabolic rates between fed and unfed states was fairly similar as shown in
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the bivariate graph of absolute values, (Figure 11). The slope of the bivariate relationship provides
one estimate of the level of metabolic activation (slope ± standard error = 2.36 ± 0.2).

Table 1. Summary of metabolic activation using the paired-comparison t test. It shows a highly
significant difference in regression slopes for oxygen uptake of fed state compared to that in the
unfed state for H. symbiolongicarpus.
Replicates
Minimum
Maximum
Mean
t Value
Pr > |t|
no
27
- 0.1520000
- 0.0160000
- 0.0861111
-10.61
<.0001

Figure 11: The bivariate graph of absolute values of slopes of oxygen uptake regressions for fed
and unfed colonies (slope = 2.36, r2 = 0.85).

Metabolic Scaling in H. symbiolongicarpus with Individual Size Measures
Least-squares slopes and intercepts for oxygen uptake and individual size measures
(feeding polyp area, total area, total protein, feeding polyps, and reproductive polyps) under fed
and unfed conditions are shown in Table 2. As shown by the standard errors (where twice the
standard error provides a 95% confidence interval), there is no difference between the slopes of
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fed and unfed colonies. There are also considerable differences in slopes between the individual
size measures. Nevertheless, all individual size measures show dramatic differences in elevation
between fed and unfed colonies, (Figures 12 – 21).
Feeding polyp area had 1 to 1 relationship with metabolic scaling (fed: 0.99675/ unfed:
0.99085), (Figures 12 and 13). Most of the other variables have slopes near 1, except for number
of reproductive polyps (slope roughly 0.5).
Table 2. Least-squares slopes (± standard errors) and intercepts for oxygen uptake and individual
size measures (feeding polyp area, total area, total protein, feeding polyps, reproductive polyps)
under fed and unfed conditions.

Factor

Fed:

Unfed:

Intercept

Polyp Area

0.99675 ± 0.10929

0.99085 ± 0.13769

Fed: -4.24269, Unfed: -5.23655

Total Area

1.644399 ± 0.16557

1.69355 ± 0.19482

Total Protein

1.17943 ± 0.13038

1.26405 ± 0.13389

Fed: -9.50194, Unfed: 10.73117
Fed: -10.22946, Unfed: 11.81819

Number of
Feeding
polyps
Number of
Reproductive
Polyps

1.28938 ± 0.10644

1.35718 ± 0.11835

Fed: -7.70521, Unfed: -9.00571

0.49680 ± 0.10807

0.54604 ± 0.11115

Fed: -3.56255, Unfed: -4.71264
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Figure 12: Least-squares regression of log-transformed oxygen uptake and feeding polyp area for
fed colonies of H. symbiolongicarpus, 20.5 C.

Figure 13: Least-squares regression of log-transformed oxygen uptake and feeding polyp area for
unfed colonies of H. symbiolongicarpus, 20.5 C.
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Figure 14: Least-squares regression of log-transformed oxygen uptake and total area for fed
colonies of H. symbiolongicarpus, 20.5 C. Note that values are clustered near maximum total
area because the cover glass sets the maximum area. Hence, this variable was deleted from the
final measure of size (see next section).

Figure 15: Least-squares regression of log-transformed oxygen uptake and total area for unfed
colonies of H. symbiolongicarpus, 20.5 C.
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Figure 16: Least-squares regression of log-transformed oxygen uptake and total protein for fed
colonies of H. symbiolongicarpus, 20.5 C. Note that small colonies tend to have more variable
measures of total protein, likely reflecting limitations of the technique.

Figure 17: Least-squares regression of log-transformed oxygen uptake and total protein for unfed
colonies of H. symbiolongicarpus, 20.5 C.
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Figure 18: Least-squares regression of log-transformed oxygen uptake and number of feeding
polyps for fed colonies of H. symbiolongicarpus, 20.5 C.

Figure 19: Least-squares regression of log-transformed oxygen uptake and number of feeding
polyps for unfed colonies of H. symbiolongicarpus, 20.5 C.
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Figure 20: Least-squares regression of log-transformed oxygen uptake and number of
reproductive polyps for fed colonies of H. symbiolongicarpus, 20.5 C. Note that small colonies
have very few reproductive polyps. Hence, this variable was deleted from the final measure of
size (see next section).

Figure 21: Least-squares regression of log-transformed oxygen uptake and number of
reproductive polyps for unfed colonies of H. symbiolongicarpus, 20.5 C.
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Metabolic Scaling in H. symbiolongicarpus with Refined Size Measures
Individual size measures provide very different metabolic scaling relationships in H.
symbiolongicarpus, with scaling ranging roughly from 0.5 to 1.5. Further, it would be difficult to
justify choosing one of these size measures over another. In such circumstances, synthetic size
measures can be useful and indeed may be theoretically justified (Bookstein et al., 1985). To
examine the combined effect of polyp area, total area, total protein, number of feeding polyps and
number of reproductive polyps, we conducted a principal components analysis where all variables
were analyzed to determine the number of principal components that would explain the maximum
variability in the data as well as the loading of the different variables on those components. In a
principal components analysis, the first principal component (PC1) is thought to be a good
synthetic size measure if (i) it explains a large amount of the total variance and (ii) the original
variables show high and uniform loadings on PC1 (Bookstein et al., 1985). Principal components
analysis requires that the analyzed variables have similar variances; otherwise, those with high
variance will dominate PC1. Natural logarithm transformations are helpful here.
We have created several models, one with reproductive polyps, another without
reproductive polyps, and the final analysis without reproductive polyps and total colony area.
The resulting log of oxygen uptake was regressed on these size measures to determine the
metabolic scaling. Tables 3 and 4 summarize the results. The principal components analysis
requires that the variables have similar variances. That was the basis for excluding reproductive
polyps and ultimately colony area. More specifically, the inclusion of reproductive polyps in the
principal components appears to alter the loading weights for feeding polyps significantly as well
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as the total protein. Exclusive of reproductive polyps and total area, the variances (the diagonal
of the covariance matrix) are similar (0.15 - 0.23), the loadings on Prin1 (PC1) are high and
relatively uniform (0.54 - 0.65), PC1 explains a large portion of the variance of the size
variables (nearly 90%), and PC1 explains a large portion of the variance in the log of oxygen
uptake (fed, r2 = 0.89; unfed, r2 = 0.85). The scaling (the slopes) strongly suggests a 3/4
relationship (0.74 ± 0.05 for fed; 0.76 ± 0.07 for unfed) with a difference in elevation of 1 e unit
(-2.11 for fed; -3.12 for unfed), which when taking the inverse logarithm is about 2.5. This is
greater than the estimate of 2.36 but within 2 standard errors. Metabolic scaling of oxygen
uptake and refined size measures of H. symbiolongicarpus are shown in Figures 22 - 27.
Compared to the principal component with reproductive polyps, the one without
reproductive polyps appears to provide better explanation of the oxygen uptake variability in
both fed and unfed state as evident by the large r2, (Table 4). The weighted principal components
of polyp area, total area, total protein, number of feeding polyps and number of reproductive
appear to have a metabolic rate that is close to what have been reported before for both the fed
and unfed state, (Table 4). The results from the individual variable models are likely less
informative than the PCA models.
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Table 3. The linear combination of different variables included in the principal components
analysis.
Principal
Feeding
Total
Total
# of
# of
Component
Polyps
Area
Protein
Feeding
Reproductive
polyps
Polyps
With Reproductive 0.408419 0.263465 0.363600
0.367923
0.704420
Polyps
Without
0.603106 0.366538 0.497118
0.504765
Reproductive
Polyps
Without
0.649947
0.537509
0.537264
reproductive
polyps and total
area.

Table 4. Metabolic scaling of log oxygen uptake and PC1 under fed and unfed conditions.
Factor

Fed (slope ±
standard error)

R2

Unfed (slope ±
standard error)

R2

With Reproductive
Polyps
Without Productive
Polyps
Without reproductive
polyps and total area

0.49616 ± 0.05268

0.7714

0.52650 ± 0.05597

0.7709

0.69251 ± 0.04602

0.8966

0.71560 ± 0.05929

0.8477

0.73913 ± 0.05150

0.8918

0.76413 ± 0.06521

0.8460
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Figure 22: Metabolic scaling of oxygen uptake, refined size measures, with reproductive
polyps, fed colonies of H. symbiolongicarpus.

Figure 23: Metabolic scaling of oxygen uptake, refined size measures, with reproductive polyps,
unfed colonies of H. symbiolongicarpus.

Figure 24: Metabolic scaling of oxygen uptake, refined size measures, without reproductive
polyps, fed colonies of H. symbiolongicarpus.

44

Figure 25: Metabolic scaling of oxygen uptake, refined size measures, without reproductive
polyps, unfed colonies of H. symbiolongicarpus.

Figure 26: Metabolic scaling of oxygen uptake, refined size measures, without reproductive
polyps and total area, fed colonies of H. symbiolongicarpus.
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Figure 27: Metabolic scaling of oxygen uptake, refined size measures, without reproductive
polyps and total area, unfed colonies of H. symbiolongicarpus.

Oxygen Uptake for Sympodium sp.
We have analyzed the metabolic rate of Sympodium sp. colonies under dark and light
treatments. Overall, there was no difference between the metabolic rate under dark and light
treatment for a representative colony, number 2, results are shown in Figures 28 & 29.
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Figure 28: Oxygen uptake concentration versus time (r2 = 0.99,
slope = - 0.012) for a representative light colony of Sympodium sp.

Figure 29: Oxygen uptake concentration versus time (r2 = 0.99,
slope = - 0.013) for a representative dark colony of Sympodium sp.
We examined the impact of different experimental conditions. All experiment measures
were always in the dark. In Experiment 1, colonies were kept in the standard culture tanks. We
measured two replicates in the morning in the first day. These colonies were kept in the dark
until measured. In the next day, by the end of the day, colonies were in light for the whole day
and then measured again. In Experiment 2, we measured them in the dark, then we put them back
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in the tank. In the second day, we put them in an incubator for 90 min. In Experiment 3, we
measured colonies, then we put them back in the tank. On the second day, we put them in the
incubator for an hour and half. Experiment 4 was similar except they were exposed to the light
on the first day, then measured after dark exposure on the second day. For Sympodium sp. under
light and dark treatments, Table 5 shows the results of a paired-comparison t test. There was no
statistically significant difference in metabolic rate between dark and light across all
experimental conditions, nor is there even the slightest suggestion of a trend.

Table 5. Difference in metabolic rates for Sympodium sp. under different experimental
conditions.
Experiment
Difference Between
Std Error
P - value
Dark and Light
- 0.000500000
0.0025000
0.8743
Exp1
0.0020000
0.0060000
0.7952
Exp2
0.000625000
0.0011640
0.6079
Exp3
4.336809E-19
0.000866025
1.0000
Exp4

Metabolic Scaling of Sympodium sp.
Since there was no evidence of metabolic activation, metabolic scaling was only
examined with colonies under standard culture conditions. It is not possible to determine if these
are resting or active colonies. We examined the impact of total polyp area, total area, total
protein, number of feeding polyps and weight (these colonies were large enough to weigh) on the
metabolic rate of Sympodium sp., (Figure 30, Table 6) summarizes these results.
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(A)

(C)

(B)

(D)

Figure 30: All variables are significant predictors of metabolic rate. Total weight is the best
predictor of metabolic rate followed by total polyp area and total area.
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Table 6. Least-squares regression slopes of indicated variable and log oxygen uptake.
Variable
Total Area
Total Protein
Weight
Total Polyp area

Slope
0.57874 ± 0.09931

R2
0.6873

P-value
<.0001

1.10819 ± 0.35027
0.71412 ± 0.15793
0.39969 ± 0.16012

0.3753
0.5645
0.2586

0.0069
0.0005
0.0257

To examine the combined effect of polyp area, total area, total protein, and number of
feeding polyps and weight, we conducted a principal components analysis where all variables
were analyzed to determine the number of principal components that would explain the
maximum variability in the data as well as the loading of the different factors on those
components. The resulting principal component variables were regressed on oxygen uptake to
determine the metabolic rates. Tables 6 and 7 summarize the results.

Table 7. The linear combination of different variables included in the principal components
analysis.
Principal
Polyp
Total
Total
# of
Weight
Component
Area
Area
Protein
Feeding
polyps
Principal
0.522048 0.601864 0.199797
0.380287
0.425075
Component 1
The principal component analysis suggests that principal component with total area
appears to have the largest loading and the total protein to 1 have the smallest factor loading. The
obtained linear combination appears to have a small relationship with metabolic rate (slope =
0.34 ± 0.06), (Tables 7 and 8, Figure 31).

Table 8. Combined effect of polyp area, total area, total protein, and number of feeding polyp
and weight on oxygen uptake.
Factor
Slope
R2
P - value
Principal Component 1

0.34570 ± 0.06681

0.6321

0.0001
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Figure 31: Metabolic scaling of oxygen uptake colonies of Sympodium sp.

CHAPTER FOUR
DISCUSSION
Metabolism, a canonical feature of life, shows a good correlation to organismal size.
Metabolic scaling has been studied for over a century to explain the relationship between
organism body mass and metabolic rate. Regular patterns have emerged from these studies,
including resource uptake, usage, and transportation of resources throughout the body. Numerous
theories have been proposed to explain the patterns. These theories focus on surface area to
volume relationships and fluxes of metabolic resources, wastes, and heat. The WBE theory
(West, Brown, & Enquist, 1997) suggests that the whole metabolic rate is bounded by internal
transport of resources. Another theory, dynamic energy budget (Kooijman, 2000), suggests that
surface area to volume relationships define the uptake and use of food and oxygen. The
metabolic limitations boundary (MLB) theory (Glazier, 2010) suggests energy and power for
activity is bounded by volume and scales isometrically with mass. MTE (metabolic theory of
ecology) focuses on the behavior of animals.
Nevertheless, all these theories in one form or another can be traced back to surface-tovolume relationships. In this context, unitary organisms are usually modeled as spheres, with
surface increasing in proportion to volume to the 2/3 power. What about organisms that exhibit
entirely different geometries? In this context, colonial or modular animals may provide insight.
These organisms differ from unitary organism’s in geometry and hence surface-to-volume
relationships. Colonial or modular organisms, which given their disk-like geometry can increase
surface in proportion to volume, thus provide important tests of these theories.
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In this research, we examined metabolic activation and scaling in two colonial cnidarians,
Hydractinia symbiolongicarpus and Sympodium species. While colonies of both of these species
grow as similar sheet-like disks, they otherwise differ considerably in their biology. The former
is heterotrophic, consuming small prey with large feeding polyps located in the center of the
colony. These polyps then undergo muscular contractions to circulate nutrients. The latter, on the
other hand, has photosynthetic symbionts and circulates gastrovascular fluid using cilia. This
work differed from most prior work on colonial animals in that the experimental material was
entirely grown in the laboratory, compared to, for instance, obtaining large field-collected
colonies and dissecting them to produce experimental material.
With these species, first metabolic activation was examined. Metabolic state affects
metabolic scaling in unitary organisms, but the effects of metabolic state on scaling in modular
organisms are less well known. Feeding typically stimulates metabolism in unitary organisms.
For example, in unitary organisms, the metabolism increases by feeding (Schmidt-Nielsen, 1984,
Oviedo et al., 2003; Glazier, 2014). Indeed, feeding dramatically stimulated metabolism in H.
symbiolongicarpus. In symbiotic cnidarians, light typically stimulates metabolism (Edmunds &
Davies ,1988; Lesser et al., 2013; Shantz et al., 2016). Nevertheless, despite carrying out several
experiments, including one using similar light levels as Edmunds and Davies (1988), no effect
was found on metabolism. Since metabolism was not light activated, scaling was only examined
under one set of conditions. It is not clear whether these conditions constitute “resting” or
“active.”
For both species, similar methods were used to compare metabolism to size. The
principal components analysis of the log-transformed variance covariance matrix in Hydractina
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shows that the best size measure is based on total protein, feeding polyp area, and number of
feeding polyps. By using oxygen uptake regressed on the size measurement, the slope was not
significantly different from 2/3 or 3/4, but was significantly less than 1. When metabolic rate
changes in proportion to body mass, b = 1 and metabolic rate scales isometrically; when b ≠ 1,
the relationship between body mass and metabolic rate is allometric. Allometric metabolic
scaling means that larger organisms have a different metabolic rate per unit mass than smaller
organisms. The relationship between body mass and metabolic rate is one of the best studied
biological principles. Researchers have demonstrated that the exponent b is often < 1 in
organisms ranging from unicellular organisms to multicellular plants and animals (Brown et al.,
2004; Glazier, 2010). In addition, while using the individual variables as size measures in
Hydractinia yielded various exponents, in every case there was no significant difference between
fed (active) and unfed (resting) colonies. Nevertheless, the differences in the intercept show that
feeding activates metabolism by roughly 2.5 times, and a paired-comparison t test displays that
this difference is highly significant. The exponent obtained (about 3/4) aligned with that found in
unitary organisms, despite the lack of a rationale based on surface to volume. On the other hand,
unitary organisms typically show a steeper slope when metabolism is activated (Glazier, 2010).
This was not the case in Hydractinia.

In coral containing photosynthetic symbionts, light has been shown to activate
metabolism in the same way feeding activates a heterotrophy. Nevertheless, Sympodium colonies
that were dark adapted exhibited similar oxygen uptake as colonies that were light treated.
Several size variables were measured using a protein assay and image analysis (total protein,
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total area, polyp area, number of feeding polyps and weight). Principal components analysis of
the log-transformed variance covariance matrix in Sympodium suggests that the best size
measure is based on total weight, followed by total polyps area and total area. Using oxygen
uptake regressed against this size measure, the slope was not significantly different from 2/3 or
3/4, but was significantly less than 1.
These results thus suggest that with two very different colonial animals very similar
metabolic scaling results were obtained. Further, while these results fit in well with those
obtained for unitary organisms, the rationale based on surface-to-volume relationships is
missing. Clearly, while metabolic scaling has been extensively studied and theorized about,
empirical surprises are still possible. None of the theories discussed can easily explain these
results at this time.
Future Directions
Future experimental analyses of metabolic scaling in modular organisms are going to be
more important than other analyses of statistical relationships between metabolism and body size
metabolism (Nakya et al., 2005; Glazier 2005, 2010, 2014; White et al., 2011, Kearney & White
2012, Barneche et al. 2017). Further experiments with laboratory-grown colonies should clarify
the generality of the results obtained with two species. The issues detailed above make it obvious
that many questions relating to the causes and significances of variation in metabolic scaling
remain.

REFERENCES
Agutter. P. S., & Tuszynski. J. A. (2011). Analytic theories of allometric scaling. Journal of
Experimental Biology, 215(7), 1055-1062.
Agutter, P. S., & Wheatley, D. N. (2004). Metabolic scaling: consensus or controversy?
Theoretical Biology and Medical Modelling, 1(1), 1.
Alderslade P & McFadden CS 2007. Pinnule-less polyps: a new genus and new species of IndoPacific Clavulariidae and validation of the soft coral genus Acrossota and the family
Acrossotidae (Coelenterata: Octocorallia). Zootaxa 1400: 27–44.
Alderslade P & McFadden CS 2011. A new sclerite-free genus and species of Clavulariidae
(Coelenterata: Octocorallia). Zootaxa 3104: 64–68.
Barneche, D. R.,White, C. R. and Marshall, D. J.. (2017). Temperature effects on mass-scaling
exponents in colonial animals: a manipulative test. Ecology 98,103–111.
Bookstein, F., Chernoff, B., Elder, R., Humphries, J., Smith, G. & Strauss, R. (1985).
Morphometrics in evolutionary biology. Special Publication 15. The Academy of Natural
Sciences of Philadelphia, PA
Burgess, R., Blackstone, N., Edmunds P.J., Hoogenboom M.O., Levitan D. R., & Wulff J. L.
(2017). Metabolic Scaling in Modular Animals. Invertebrate Biology. Published paper.
Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B. (2004). Toward a
metabolic theory of ecology. Ecology, 85(7), 1771-1789.

56
Cartwright P, Evans NM, Dunn CW, Marques AC, Miglietta MP, Schuchert P, & Collins AG
2008. Phylogenetics of Hydroidolina (Hydrozoa: Cnidaria). J. Mar. Biol. Assoc. UK 88:
1663–1672.
Cartwright P & Nawrocki AM 2010. Character evolution in Hydrozoa (phylum Cnidaria). Integr.
Comp. Biol. 50: 456–472.
Dodds, P. S., Rothman, D. H., & Weitz, J. S. (2001). Re-examination of the “3/4-law” of
metabolism. Journal of Theoretical Biology 209, 9-27.
Edmunds, P. J., & Davies, P. S. 1988. Post-illumination stimulation of respiration rate in the
coral Porites porites. Coral Reefs 7,7-9.
Farrell-Gray, C. C., & Gotelli, N. J. (2005). Allometric exponents support a 3/4 power scaling
law. Ecology, 86(8), 2083-2087.
Finkel, Z. V., Irwin, A. J., & Schofield, O. (2004). Resource limitation alters the 3/4 size scaling
of metabolic rates in phytoplankton. Marine Ecology Progress Series, 273, 269-279.
Glazier, D. S. (2005). Beyond the ‘3/4-power law’: variation in the intra- and interspeciﬁc
scaling of metabolic rate in animals. Biological Reviews of the Cambridge Philosophical
Society 80, 611–662.
Glazier, D. S. (2008). Effects of metabolic level on the body size scaling of metabolic rate in
birds and mammals. Proceedings of the Royal Society of London B: Biological
Sciences, 275(1641), 1405-1410.
Glazier, D. S. (2009a). Activity affects intraspeciﬁc body-size scaling of metabolic rate in
ectothermic animals. Journal of Comparative Physiology B (doi: 10.1007/s00360-0090363-3).

57
Glazier, D. S. (2009b). Metabolic level and size-scaling of rates of respiration and growth in
unicellular organisms. Functional Ecology (doi: 10.1111/j. 1365-2435.2009.01583.x).
Glazier, D. S. (2009c). Ontogenetic body-mass scaling of resting metabolic rate covaries with
species-speciﬁc metabolic level and body size in spiders and snakes. Comparative
Biochemistry and Physiology - Part A: Molecular & Integrative Physiology 153, 403–
407.
Glazier, D. S. (2010). A unifying explanation for diverse metabolic scaling in animals and
plants. Biological Reviews, 85(1), 111-138.
Glazier, D. S. 2014. Metabolic scaling in complex living systems. Systems 451-540.
Harmata, K. L., Blackstone, N. (2011). Reactive oxygen species and the regulation of
hyperproliferation in a colonial hydroid. Physiological and Biochemical Zoology, 84,
481-493.
Harmata, K. L., Parrin, A.P. Morrison, P.R. Mcconnell, K. K. Bross, L. S. and Blackstone, N. W.
(2013). Quantitative measures of gastrovascular flow in octocorals and hydroids: Toward
a comparative biology of transport systems in cnidarians. Invertebrate Biology 132, 291304.
Hartikainen, H., Humphries, S., & Okamura, B. (2014). Form and metabolic scaling in colonial
animals: Journal of Experimental Biology, 217(5), 779-786.
Hou, C., Kaspari, M., Vander Zanden, H. B., & Gillooly, J. F. (2010). Energetic basis of colonial
living in social insects. Proceedings of the National Academy of Sciences, 107(8), 36343638.
Hughes, R. N. (2005). Lessons in modularity: the evolutionary ecology of colonial
invertebrates. Scientia Marina, 69(S1), 169-179.

58

Hulbert, A. J. (2014). A sceptics view: “Kleiber’s law” or the “3/4 rule” is neither a law nor a rule
but rather an empirical approximation. Systems, 2(2), 186-202.
Jackson, J. B. C., & Coates, A. G. (1986). Life cycles and evolution of clonal (modular)
animals. Philosophical Transactions of the Royal Society of London B: Biological
Sciences, 313(1159), 7-22.
Kayal E, Roure B, Philippe H, Collins AG, & Lavrov DV 2013. Cnidarian phylogenetic
relationships as revealed by mitogenomics. BMC Evol. Biol. 13: 5.
Kearney and White 2012. Dynamic energy and mass budgets in biological systems.
Melbourne: Cambridge University Press.
Kozlowski and Konarzewski (2014). Interpretation of protein quantitation using the Bradford
assay: comparison with two calculation models. Analytical Biochemistry, 434(1), 178180. (doi:10.1016/j.ab.2012.10.045).
Lesser, M. P., Stat, M.& Gates, R. D. (2013). The endosymbiotic dinoflagellates (Symbiodinium
sp.) of corals are parasites and mutualists. Coral Reefs 32, 603–611.
McFadden CS, France SC, S_anchez JA, & Alderslade P 2006. A molecular phylogenetic analysis
of the Octocorallia (Cnidaria: Anthozoa) based on mitochondrial protein-coding
sequences. Mol. Phylogenet. Evol. 41: 513–527.
McFadden CS & van Ofwegen LP 2012. Stoloniferous octocorals (Anthozoa, Octocorallia) from
South Africa, with descriptions of a new family of Alcyonacea,a new genus of
Clavulariidae, and a new species of Cornularia (Cornulariidae). Invertebr. Syst. 26: 331–
356.

59
Nakaya et al 2005, Maino et al 2014, Oviedo, N.J., Newmark, P.A, & Sanshez Alvarado, A. (2013).
Allometric scaling and proportion regulation in the freshwater planarian Schmidtea
mediterranea. Developmental Dynamics 226, 326–333.
Parrin, A. P., Netherton, S. E., Bross, L. S., McFadden, C. S., & Blackstone, N. W. (2010):
Circulation of fluids in the gastrovascular system of a stoloniferan octocoral. The
Biological Bulletin, 219(2), 112-121.
Patterson, 1992, Savage, et al., 2004, Schmidt-Nielsen, K. (1984). Scaling: why is animal size so
important? Cambridge, UK: press.
Sebens, K. P. (1982). Competition for space: growth rate, reproductive output, and escape in
size. The American Naturalist, 120(2), 189-197.
Shantz, A. A., Lemoine, N. P., & Burkepile, D. E. (2016). Nutrient loading alters the
performance of key nutrient exchange mutualisms. Ecology Letters 19, 20–28.
Sibly, R. M., Brown, J. H. &A. Kodric-Brown, A. (2012). Metabolic ecology: a scaling
approach. Chichester, UK: Wiley-Blackwell. (doi: 10.1002/9781119968535).
West, G. B., Brown, J. H., & Enquist, B. J. (1997). A general model for the origin of allometric
scaling laws in biology. Science, 276(5309), 122-126.
White, C. R.,Cassey, P. & Blackburn, T. M. (2007). Allometric exponents do not support a
universal metabolic allometry. Ecology 88, 315–323.
White, C. R., & Kearney, M. R. (2014). Metabolic scaling in animals: methods, empirical
results, and theoretical explanations. Comprehensive Physiology, 231-232.

60
White, C. R., Kearney, M. R., Matthews, P. G., Kooijman, S. A., & Marshall, D. J. (2011). A
manipulative test of competing theories for metabolic scaling. The American Naturalist,
178(6), 746.
White, C. R.,Phillips, N. F. &Seymour, R. S. (2006). The scaling and temperature dependence of
vertebrate metabolism. Biology Letters 2, 125–127.
White, C. R. & Seymour, R S. (2005). Allometric scaling of mammalian metabolism. Journal of
Experimental Biology 208, 1611–1619.

